Human head and neck squamous cell carcinoma is a solid tumor malignancy associated with major morbidity and mortality. In this study, we determined that human head and neck squamous cell carcinoma-derived HSC-3 cells contain a subpopulation of cancer stem cells (CSCs) characterized by a high level of CD44v3 and aldehyde dehydrogenase-1 (ALDH1) expression. Importantly, matrix hyaluronan (HA) induces the up-regulation of stem cell markers that display the hallmark CSC properties. Histone methyltransferase, DOT1L, is also upregulated by HA in CSCs (isolated from HSC-3 cells). Further analyses indicate that the stimulation of microRNA-10b (miR-10b) expression is DOT1L-specific and HA/CD44-dependent in CSCs. This process subsequently results in the overexpression of RhoGTPases and survival proteins leading to tumor cell invasion and cisplatin resistance. Treatment of CSCs with DOT1Lspecific small interfering RNAs (siRNAs) effectively blocks HA/CD44-mediated expression of DOT1L, miR-10b production, and RhoGTPase/survival protein up-regulation as well as reduces tumor cell invasion and enhances chemosensitivity. CSCs were also transfected with a specific anti-miR-10b inhibitor to silence miR-10b expression and block its target functions. Our results demonstrate that the anti-miR-10 inhibitor not only decreases RhoGTPase/survival protein expression and tumor cell invasion, but also increases chemosensitivity in HA-treated CSCs. Taken together, these findings strongly support the contention that histone methyltransferase, DOT1L-associated epigenetic changes induced by HA play pivotal roles in miR-10 production leading to upregulation of RhoGTPase and survival proteins. All of these events are critically important for the acquisition of cancer stem cell properties, including self-renewal, tumor cell inva-sion, and chemotherapy resistance in HA/CD44-activated head and neck cancer. . 2 The abbreviations used are: HNSCC, head and neck squamous cell carcinoma; CSC, cancer stem cell; HA, hyaluronan; ECM, extracellular matrix; APC, allophycocyanin; miRNA, microRNA; IAP, inhibitors of apoptosis; Q-PCR, quantitative PCR; MLL, mixed lineage leukemia; NOD/SCID, nonobese, diabetic/severe combined immunodeficient.
Human head and neck squamous cell carcinoma (HNSCC) 2 is a highly malignant cancer associated with major morbidity and mortality (1) . A number of studies have identified specific molecules expressed in HNSCC that correlate with tumor behavior. Among such molecules are matrix hyaluronan (HA) (2, 3) and its cell surface receptor, CD44 (4) . HA is a major component of the ECM and is significantly enriched in many types of tumors (5) . CD44 is a multifunctional transmembrane glycoprotein expressed in HNSCC cells and carcinoma tissues (6, 7) . It is commonly expressed as various isoforms generated by alternative mRNA splicing of variant exons inserted into an extracellular membrane-proximal site (8) . Most importantly, expression of certain CD44 variant (CD44v) isoforms (especially, CD44v3) is known to be associated with HNSCC progression (6, 9, 10) .
HNSCC appears to contain a subpopulation of cancer stem cells (CSCs) characterized by a high level of CD44v3 expression (10) . In fact, CD44v3 is thought to be one of the important cell surface markers for CSCs (10) . These isolated CSCs are capable of generating phenotypically distinct cells resulting in heterogeneous tumors in immunodeficient mice. These findings clearly indicate that these CSCs display the hallmark stem cell properties of self-renewal and the ability to generate heterogeneous cell populations. In addition, these CSCs display chemoresistance and thereby can cause recurrence of the cancers (10) . However, information regarding CSC-mediated chemotherapy resistance and subsequent HNSCC development is very limited.
MicroRNAs ((miRNAs), small RNA molecules with ϳ20 -25 nucleotides) are closely associated with the pathogenesis of HNSCC (11, 12) . In particular, certain miRNAs appear to play a critical role in various CSC functions and tumor progression (9, 10) . However, very little is known concerning the regulation of these miRNAs and their function in head and neck cancer. In previous studies, miRNA-10b was found to be overexpressed in malignant glioma in addition to the overexpression of RhoC and urokinase-type plasminogen activator receptor, which are contributors to glioma invasion and migration (13) . Moreover, cell invasion and metastasis were both shown to be initiated by miRNA-10b in breast cancer (14) . Silencing of miR-10b with antagomirs (an anti-miR-10 inhibitor) both in vitro and in vivo significantly decreases oncogenesis (15) . Thus, the miR-10b inhibitor appears to be a promising candidate for the development of new anti-cancer agents.
Epigenetic changes such as histone methylation have emerged as one of the important regulatory processes in the alteration of chromatin structure and the reprogramming of gene expression during cancer progression (16) . Methylation of histone H3 at lysine 79 (H3K79) is highly conserved among most eukaryotic species. In budding yeast, nearly 90% of histone H3 displays either monomethylation (H3K79me1), dimethylation (H3K79me2), or trimethylation (H3K79me3) at lysine 79, all catalyzed exclusively by the histone methyltransferase, DOT1 (17, 18) . DOT1 was initially identified as a disruptor of telomeric silencing in Saccharomyces cerevisiae, and its orthologs are evolutionarily conserved from yeast to mammals (17, 18) . Both DOT1 and the mammalian DOT1L (DOT1-like protein) function as H3K79 methyltransferases in the regulation of histone H3K79 methylation and transcriptional activation (19) . In particular, DOT1/DOT1L-mediated H3K79 methylation is known to be involved in the control of transcriptional activity required for cell cycle, meiotic checkpoint, and the DNA damage checkpoint (20) . It has also been reported that aberrant H3K79 methylation by DOT1L occurs in mixed lineage leukemia (MLL) (21) . Furthermore, down-regulation of DOT1L results in the inhibition of lung cancer cell proliferation (22) . These findings all suggest that DOT1L plays an important role in cancer development. An earlier study also indicated that mammalian DOT1L participates in proliferation and differentiation in embryonic stem (ES) cells (23) . The question of whether DOT1L-associated H3K79 methylation is involved in HA-mediated CSC signaling and functions in head and neck cancer has not been previously addressed and therefore is the focus of this investigation.
In this study, we report that there is epigenetic regulation induced by DOT1L-mediated H3K79 methylation in HA-activated HNSCC cancer stem cells. Specifically, our results indicate that HA promotes DOT1L-regulated H3K79 methylation leading to miR-10 production, tumor cell invasion, survival, and cisplatin chemoresistance in the CSCs from HNSCC.
Experimental Procedures
Cell Culture-Tumor-derived HSC-3 cell line (isolated from human squamous carcinoma cells of the mouth) was grown in RPMI 1640 medium supplemented with 10% fetal bovine serum.
Antibodies and Reagents-Monoclonal rat anti-CD44 antibody (clone, 020; isotype, IgG 2b ; obtained from CMB-TECH, Inc., San Francisco) recognizes a determinant of the HA-binding region common to CD44 and its principal variant isoforms such as CD44v3. This rat anti-CD44 was routinely used for HA-related blocking experiments and immunoprecipitation. Other immunoreagents such as rabbit anti-RhoC antibody, rabbit anti-Oct4 antibody, rabbit anti-Nanog antibody, rabbit anti-Sox2 antibody, and goat anti-actin antibody were obtained from R & D Systems (Minneapolis, MN). Mouse anti-cIAP-2 antibody and mouse anti-XIAP antibody were purchased from BD Biosciences. Rabbit anti-monomethyl-H3K79 antibody and mouse anti-DOT1L antibody were from Abcam (Cambridge, MA). Rabbit anti-CD44v3 antibody was obtained from EMD Chemicals (Gibbstown, NJ). Cisplatin was obtained from Sigma. The preparation of HA (ϳ500,000 -700,000-dalton polymers) used in these experiments was described previously (9, 10) .
Sorting Tumor-derived HSC-3 Cell Populations by Multicolor Fluorescence-activated Cell Sorter (FACS)-The identification of aldehyde dehydrogenase-1 (ALDH1) activity from tumorderived HSC-3 cells was conducted using the ALDEFLUOR kit (StemCell Technologies, Durham, NC). Specifically, tumor cells were suspended in ALDEFLUOR assay buffer containing ALDH1 substrate (BAAA, 1 mol/liter per 1 ϫ 10 6 cells) and incubated for 30 min at 37°C. As a negative control, HSC-3 cells were treated with a specific ALDH1 inhibitor, 50 mmol/ liter diethylaminobenzaldehyde (50 mmol/liter).
Next, for labeling the cell surface marker, tumor-derived HSC-3 cells were suspended in 100 l of ALDEFLUOR buffer followed by incubating with 20 l of allophycocyanin (APC)labeled anti-CD44v3 antibody (recognizing the v3-specifc domain of CD44) or APC-labeled normal mouse IgG (as a control) (BD Biosciences) for 15 min at 4°C. For FACS sorting, tumor cells were suspended in PBS buffer followed by FACS (BD FACSAria IIu) sorting using dual wavelength analysis (10) . Routinely, we obtained 5.0 ϫ 10 6 of CD44v3 high ALDH1 high cells from 2.5 to 3.0 ϫ 10 7 tumor-derived HSC-3 cells. Subsequently, CD44v3 high ALDH1 high tumor cell population was collected and used for various experiments described in this study. Approximately 5 ϫ 10 5 cells were used during each silencing experiment described in the text.
Tumorigenicity Assay-Non-obese, diabetic/severe combined immunodeficient (NOD/SCID) immunocompromised mice (5-week-old female mice) were purchased from Charles River Laboratories International, Inc. (Wilmington, MA), and maintained in micro-isolator cages. Specifically, these NOD/ SCID mice were injected subcutaneously and/or submucosally in the floor of the mouth with sorted CD44v3 high ALDH1 high cells or unsorted HSC-3 cells (suspended in 0.1 ml of Matrigel Basement Membrane Matrix) ranging from 50, 500, to 5,000 cells as described previously (10) . These mice were then monitored twice weekly for palpable tumor formation and euthanized 4 or 8 weeks after transplantation to assess tumor formation. Tumors were measured using a Vernier caliper, weighed, and photographed. A portion of the subcutaneous tumors and/or submucosa tumors was collected. Some tumors were cut into small fragments with sterile scissors and minced with a sterile scalpel, rinsed with Hanks' balanced salt solution containing 2% heat-inactivated calf serum (Invitrogen), and centrifuged for 5 min at 1,000 rpm. The resulting tissue specimen was placed in a solution of DMEM/F-12 containing 300 units/ml collagenase and 100 units/ml hyaluronidase (StemCell Tech-nologies, Durham, NC). The mixture was incubated at 37°C to dissociate cells. The digestion was arrested with the addition of FBS, and the cells were filtered through a 40-m nylon sieve. The cells were washed twice with Hanks' balanced salt solution plus 2% heat-inactivated calf serum for FACS as described above.
Immunoblotting Techniques-First, CD44v3 high ALDH1 high cells (untransfected cells with normal IgG (10 g/ml) or anti-CD44 antibody (10 g/ml) treatment or transfected cells with DOT1L siRNA or siRNA with scrambled sequences; or anti-miR-10b inhibitor or miRNA-negative control treatment followed by HA (50 g/ml) or no HA addition for 24 h) were solubilized in a lysis buffer containing 0.5% Nonidet P-40 and various protease inhibitors followed by immunoblotting with various immunoreagents such as anti-Oct4 antibody (2 g/ml) or anti-Sox2 antibody (2 g/ml) or anti-Nanog antibody (2 g/ml) or anti-DOT1L (2 g/ml) or anti-monomethyl-H3K79 (2 g/ml) or anti-RhoC (2 g/ml) or anti-cIAP-2 (2 g/ml) and anti-XIAP (2 g/ml) or anti-actin (2 g/ml) (as a loading control), respectively.
Chromatin Immunoprecipitation (ChIP) Assay-To examine whether H3K79 methylation directly interacts with the E-box region of miR-10b promoter, chromatin immunoprecipitation (ChIP) assays was performed in CD44v3 high ALDH1 high cells (untransfected cells with normal IgG (10 g/ml) or anti-CD44 antibody (10 g/ml) treatment or transfected with DOT1L siRNA or siRNA with scrambled sequences, followed by 1 h of HA (50 g/ml) or no HA addition) using a kit (EZ ChIP) from Millipore Corp. according to the manufacturer's instructions. DNA fragments were then extracted with a PCR purification kit and analyzed by PCR or quantitative PCR (Q-PCR) using primer pairs 5Ј-ACCTGGCTTGGTCGGGCAGT-3Ј and 5Ј-CGCAGCCACCCGCACTTTCT-3Ј. These primers gave a single strong band when tested on input DNA on an agarose gel.
Q-PCR-Total RNA was isolated from CD44v3 high ALDH1 high cells (untransfected cells with rat anti-CD44 (10 g/ml) or normal rat IgG (10 g/ml) or transfected with DOT1LsiRNA (30 nM) or siRNA with scrambled sequences (30 nM); or anti-miR-10b inhibitor (30 nM) or miRNA-negative control (30 nM) followed by HA (50 g/ml) or no HA addition for 24 h) using Tripure Isolation Reagent kits (Roche Applied Science). First-stranded cDNAs were synthesized from RNA using Superscript first-strand synthesis system (Invitrogen). Gene expression was quantified using probe-based SYBR Green PCR master mix kits, ABI PRISM 7900HT sequence detection system, and SDS software (Applied Biosystems, Foster City, CA). A cycle threshold (minimal PCR cycles required for generating a fluorescent signal exceeding a preset threshold) was determined for each gene of interest and normalized to a cycle threshold for a housekeeping gene (36B4) determined in parallel. The 36B4 is a human acidic ribosomal phosphoprotein PO whose expression was not changed in tumor cells. The Q-PCR primers used for detecting miR-10b expression was as follows: specifically, two miR-10b-specific primers (the sense primer 5Ј-GGATACCCTGTAGAACCGAA and the antisense primer 5Ј-CAGTGCGTGTCGTGGAGT) were used. Finally, for detecting 36B4 gene expression, two 36B4-specific primers (the sense primer 5Ј-GCGACCTGGAAGTCCAACTAC-3Ј and the antisense primer 5Ј-ATCTGCTGCATCTGCTTGG-3Ј) were used.
Transfection Experiments-miR-10b inhibitor, miRNA-negative control, various siRNAs targeting DOT1L, RhoC, cIAP-2, XIAP, and scrambled sequenced siRNAs (negative control siRNAs) were purchased from Ambion (Foster City, CA). CD44v3 high ALDH1 high cells were then transfected with various reagents (described above) using Lipofectamine 2000 reagent (Invitrogen) for 24 h. The final concentrations of anti-miR-10b inhibitor, miRNA-negative control, various siRNAs, and silencer negative control siRNAs used in various experiments were 30 nM. Cells were then treated with HA or without HA in various experiments as described below.
Clinical Tumor Samples-IRB approval was obtained from our institution's Committee on Human Research. The clinical tissue specimens were portions of primary tumors of patients undergoing surgical treatment of HNSCC from multiple primary sites of the upper aerodigestive tract at the University of California at San Francisco-affiliated Veterans Affairs Medical Center from September 1, 2001 , to June 30, 2006 . The presence of Ն80% cancer cells in the procured samples was confirmed by a clinical pathologist.
Immunohistochemistry Staining-Human HNSCC patient tissue specimens were fixed in 4% formaldehyde in 0.1 M phosphate buffer for 24 h at 4°C and embedded in paraffin. Immunohistochemical stains using rabbit anti-CD44v3 antibody or rabbit anti-DOT1L antibody were performed using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA), according to the manufacturer's protocol.
Tumor Cell Growth Assays-To analyze growth properties, these sphere-derived CD44v3 high ALDH1 high cells (untransfected cells with rat anti-CD44 (10 g/ml) or normal rat IgG (10 g/ml), or transfected with DOT1LsiRNA or RhoCsiRNA or cIAP-2siRNA or XIPAsiRNA, or scrambled sequenced siRNA, or pretreated with anti-miR-10b inhibitor or miRNA-negative control) were also incubated with various concentrations of cisplatin (4 ϫ 10 Ϫ9 to 1.75 ϫ 10 Ϫ5 M) in the presence or absence of HA (50 g/ml). After 24 h of incubation at 37°C, growth assays were analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Specifically, 50% inhibitory concentration (IC 50 ) was identified as a concentration of drug required to achieve a 50% growth inhibition relative to untreated controls as described previously (10) .
Tumor Cell Invasion Assay-Twenty four transwell units were used for monitoring in vitro tumor cell invasion using CD44v3 high ALDH1 high (untransfected cells with rat anti-CD44 (10 g/ml) or normal rat IgG (10 g/ml) or transfected with DOT1LsiRNA or RhoCsiRNA or cIAP-2siRNA or XIPAsiRNA or siRNA with scrambled sequences; or anti-miR-10b inhibitor or miRNA-negative control) followed by HA (50 g/ml) treatment for 24 h as described previously (15) .
Results

Isolation of a Highly Tumorigenic Cell Population from Tumorderived HNSCC Cells Using FACS
Overexpression of CD44v3 has been shown to be closely associated with HNSCC development and progression. ALDH1, MAY 13, 2016 • VOLUME 291 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 10573 a detoxifying enzyme responsible for the oxidation of intracellular aldehydes, is also considered to be a common marker for both normal stem cells and malignant CSCs from HNSCC (10, 24, 25) . Overexpression of both CD44v3 and ALDH1 appears to be closely associated with CSC-mediated HNSCC development and progression (10) . In this study we utilized the ALDEFLUOR kit (to detect an ALDH1 enzymatic activity) ( Fig. 1A) and APClabeled anti-CD44v3 antibody (recognizing the v3-specifc domain of CD44) ( Fig. 1A ) followed by FACS analysis to identify four tumor cell populations as follows: (i) CD44v3 high ALDH1 high ; (ii) CD44v3 high ALDH1 low ; (iii) CD44v3 low ALDH1 high ; and (iv) CD44v3 low ALDH1 1ow . CD44v3 high ALDH1 high , CD44v3 low ALDH1 high , and CD44v3 low ALDH1 1ow represented 19.6, 15.1, and 63.1% of total tumor cell population, respectively, as the three major cell populations.
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CD44v3 high ALDH1 low (Fig. 1A , representing 2.2%) is present as a very minor tumor cell population. Subsequently, we employed a FACS to isolate the three major tumor cell populations as follows: CD44v3 high ALDH1 high , CD44v3 low ALDH1 high , and CD44v3 low ALDH1 1ow cells. We then found that CD44v3 high ALDH1 high cells were capable of forming large tumors in NOD/SCID immunocompromised mice injected with as few as 50 CD44v3 high ALDH1 high cells (Table 1 ). These results indicate that the CD44v3 high ALDH1 high cells (to a much lesser extent CD44v3 low ALDH1 high or CD44v3 low ALDH1 1ow cells or unsorted cells) are very tumorigenic and strongly suggest that the CD44v3 high ALDH1 high cell population displays CSC-like properties. Further analysis indicates that the CD44v3 high ALDH1 high cells are capable of growing and forming large spheres in serum-free defined medium for more than 21 days ( Fig. 1B and Table 2 ). These cells also express stem cell markers (e.g. Nanog, Oct4, and Sox2) (Fig. 1C ). In the presence of HA, both cell growth and the size of the spheres formed are greatly increased ( Fig. 1, B, ). Live tumor cell sorting was then done using a FACS to isolate CD44v3 high ALDH1 high cells or CD44v3 low ALDH 1ow for the study. B, measurement of sphere formation by incubating CD44v3 high ALDH1 high cells (treated with no HA (panel a) or with HA (panel b)) in serum-free RPMI 1640 medium (containing EGF and bFGF) for 3 weeks (21-days) as described under "Experimental Procedures." C, detection of stem cell marker expression in CD44v3 high ALDH1 high cells treated with no HA (lane 1) or with HA (lane 2). The expression of stem cell markers such as Nanog, Oct4, and Sox2 was measured using anti-Nanog antibody (i) or anti-Oct4 (ii) or anti-Sox2 (iii) or anti-actin (loading control) (iv) according to the procedures described under the "Experimental Procedures." (The ratio of Nanog (i) or Oct 4 (ii) or Sox2 (iii) and actin (iv) was determined by densitometry and normalized to the value of control (no HA-treated samples) designated as 1:00. The values expressed represent an average of triplicate determination of four experiments with S.D. of less than 5%.) a,b,c , statistically significant (p Ͻ 0.005; analysis of variance; n ϭ 4) as compared with control samples (no HA addition).
and the level of all three stem cell marker expressions is also enhanced (at least ϳ2.50-fold increase) (Fig. 1C, lane 2) as compared with various properties (e.g. tumor cell growth, size of sphere formation, and stem cell marker expression) detected in CD44v3 high ALDH1 high cells treated with no HA (Fig. 1, B, panel a, C, lane 1, and Table 2 ). These observations indicate that HA induces CSC-like properties (e.g. stem cell marker expression and sphere formation) and cell growth/self-renewal (demonstrated by serial passage of sphere-forming ability and long term tumor cell growth) in the highly tumorigenic CD44v3 high ALDH1 high cells.
The cellular mechanism that produces the highly tumorigenic CSC properties of CD44v3 high ALDH1 high cells was unknown and is therefore the focus of this investigation.
HA-induced Up-regulation of DOT1L and H3K79 Methylation in Tumorigenic CD44v3 high ALDH1 high (CSC-like) HNSCC Cells
In mammalian cells, several reports have linked DOT1L and monomethyl-H3K79 with active transcription (19) . To investi- a For the tumor cell injection, each mouse was subcutaneously inoculated with CD44v3 high ALDH1 high cells or CD44v3 low ALDH1 high cells or CD44v3 low ALDH1 low cells or unsorted cells with 5,000 cells, 500 cells, or 50 cells as described under "Experimental Procedures." The values expressed in the table represent the number of animals that developed tumors/total number of animals used in the study. The tumor formation assay was performed on at least five different experiments with a standard deviation less than Ϯ5%.
Analyses of tumor formation by CD44v3 high ALDH1 high cells, CD44v3 low ALDH1 low cells, CD44v3 low ALDH1 high cells, or unsorted cells subcutaneously injected into NOD/SCID mice
TABLE 2
Measurement of sphere formation and self-renewal/growth using CD44v3 high ALDH1 high cells a Sphere formation (using CD44v3 high ALDH1 high cells from the serial passage of 1st, 2nd, and 3rd generation of spheres) was measured by sphere formation unit (SFU) as described under "Experimental Procedures." The sphere formation in cells treated with no HA ( Table 3 , A, control) is designated as 100%. b Measurement of growth for CD44v3 high ALDH1 high cells (dissociated from spheres after a serial passage of 1st, 2nd, and 3rd generation of sphere formation) was performed by incubating these cells in serum-free RPMI 1640 medium for 3 weeks (21 days) using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based growth assay as described under "Experimental Procedures." Tumor cell growth in cells treated with no HA (Table III , B, control) is designated as 100%.
gate whether the expression of DOT1L-associated H3K79 methylation occurs in CD44v3 high ALDH1 high (CSC-like) cells, we performed an anti-DOT1L or anti-monomethyl-H3K79-mediated immunoblots. Our results indicate that the expression of both DOT1L and monomethyl-H3K79 is significantly enhanced (at least ϳ2.50-fold up-regulation) in untransfected CD44v3 high ALDH1 high cells (treated with normal IgG) in the presence of HA ( Fig. 2A , i and ii, lane 2) as compared with those DOT1L or monomethyl-H3K79 present in untransfected cells (treated with normal IgG) in the absence of HA (Fig. 2, A, i and ii, lane 1) or treated with anti-CD44 antibody in the presence or absence of HA ( Fig. 2, A, i and ii, lanes 3 and 4) . These findings establish the notion that the up-regulation of DOT1L and H3K79 methylation in untransfected CD44v3 high ALDH1 high is HA/CD44-dependent. Further analysis indicates that there is significant reduction of DOT1L and monomethyl-H3K79 expression (at least ϳ40 -70% decrease) detected in CD44v3 high ALDH1 high (CSC-like) cells treated with DOT1L siRNA (in the presence or absence of HA) as compared with DOT1L and H3K79 methylation detected in scrambled siRNA-treated cells with HA (Fig. 2B, i and ii, lanes 3 and 4 versus lanes 1 and 2) . These results suggest that HA-mediated up-regulation of H3K79 methylation in these CSC-like CD44v3 high ALDH1 high cells requires DOT1L.
Our immunostaining data indicate that both CD44v3 (using anti-CD44v3-mediated staining, Fig. 3B ) and DOT1L (using anti-DOT1L-mediated staining, Fig. 3C ) (but not normal IgGmediated staining) can be detected in human HNSCC samples (indicated by H&E staining, Fig. 3A) . These findings support the contention that overexpression of CD44v3 and DOT1L is closely associated with HNSCC patient samples.
Binding of DOT1L-associated Monomethyl-H3K79 to E-box Elements in the miR-10b Promoter Leading to miR-10b Production in HA-treated CD44v3 high iALDH1 high Cells
The expression of miR-10b has been shown to be involved in CSCs (26) . Several predicted E-box elements are located upstream of miR-10b (14) , which is a class of miRNA known to be associated with tumor cell invasion and metastasis. To examine whether DOT1L-activated H3K79 methylation (in particular, monomethyl-H3K79) directly interacts with the E-box elements in the promoter region of miR-10b, antimonomethyl-H3K79 antibody-specific chromatin immunoprecipitation (ChIP) assays were performed in CD44v3 high ALDH1 high cells. As shown in Fig. 4A , PCR results from antimonomethyl-H3K79-mediated precipitations from HA-treated CD44v3 high ALDH1 high cells identify a specific amplification product using a primer pair specific for the miR-10b promoter region (containing the monomethyl-H3K79 binding sites in scrambled siRNA-treated ( Fig. 4A, panel I, a, lane 2) or normal IgG-treated ( Fig. 4 A, panel II, a, lane 4) CD44v3 high ALDH1 high cells following HA addition. In contrast, a significantly reduced amount of monomethyl-H3K79-mediated binding of the miR-10b promoter region was found in these cells treated with no HA (Fig. 4, A, panel I, a, lane 1, and panel II, a, lane 3) . The fact that pretreatment of cells with DOT1L siRNA (Fig. 4A, panel I,  a, lane 4 versus lane 3) or anti-CD44 antibody (Fig. 4A, panel II, a, lane 2 versus lane 1) followed by HA (or no HA) addition significantly reduces the ability of monomethyl-H3K79 binding to the promoter of miR-10b. These findings suggest that the monomethyl-H3K79 signaling event transcriptionally activates miR-10b promoter activity in CD44v3 high ALDH1 high cells in a 
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CD44 and DOT1L-dependent manner. Identical amplification products were detected in the positive controls from total input chromatin ( Fig. 4, A, panel I, c, lanes 1-4, and A, panel II, c,  lanes 1-4) . Moreover, no amplification was seen in samples that were processed in IgG isotype control-mediated precipitation ( Fig. 4, A, panel I, b, lanes 1-4, and A, panel II, b, lanes  1-4) . We also observed very similar results by Q-PCR (Fig. 4B , panels I and II).
In addition, our results indicate that the level of miR-10b is increased in CD44v3 high ALDH1 high cells treated with scrambled sequence siRNA or normal IgG plus HA compared with those cells without HA addition (Fig. 5, A and C) . CD44v3 high ALDH1 high cells treated with DOT1L siRNA (Fig.  5A ) or anti-CD44 antibody (Fig. 5C) show significantly less HAinduced miR-10b expression. Moreover, we have found that the expression of miR-10b can be induced in cells treated with an 4) were used. B, ChIP assay was also performed in CD44v3 high ALDH1 high cells using monomethyl-H3K79 binding site-containing miR-10b promoter-specific primers and Q-PCR analyses. Identical volumes from the final precipitated materials (anti-monomethyl-H3K79 immunoprecipitated (IP) material (a), or IgG isotype control-precipitated materials (b), or total input materials (c), as described above)) were used. Panel I, cells were treated with scrambled (SC) siRNA with no HA or with 1 h of HA treatment; cells were treated with DOT1L siRNA with no HA addition or with 1 h of HA treatment. Panel II, cells were treated with anti-CD44 antibody with no HA or with 1 h of HA treatment, or cells were treated with normal IgG with no HA or with 1 h of HA treatment. The values expressed in this figure represent an average of triplicate determinations of 3-5 experiments with a standard deviation less than Ϯ5%. MAY 13, 2016 • VOLUME 291 • NUMBER 20 miRNA negative control upon addition of HA (Fig. 5B ). In contrast, the treatment of CD44v3 high ALDH1 high cells with an anti-miR-10b inhibitor plus HA results in a decrease in miR-10b expression ( Fig. 5B) . These results suggest that HA-induced monomethyl-H3K79 binding to the promoter region of miR-10b and the subsequent miR-10 production require both CD44 and DOT1L in CD44v3 high ALDH1 high cells.
DOT1L-H3K79-associated miR-10b Signaling in Regulating HA-mediated Invasion and Chemoresistance in CD44v3 high ALDH1 high Cells
In this part of the study, we have observed that HA enhances tumor cell invasion (at least ϳ2.5-fold increase) ( Table 3 , A) and decreases the ability of cisplatin to induce apoptosis and cell death of these CD44v3 high ALDH1 high cells (in the presence of normal IgG) leading to the enhancement of chemoresistance (at least ϳ2.5-fold increase in cisplatin-resistance) ( Table 4 , A) as compared with those cells treated with no HA. In contrast, when CD44v3 high ALDH1 high cells were treated with anti-CD44 antibody (in the presence or absence of HA), they appear to become less invasive (at least 40 -70% reduction in invasiveness) ( Table 3 , A) and more sensitive to cisplatin-induced apoptosis and cell death (at least ϳ40 -90% reduction in cisplatin resistance) ( Table 4 , A) as compared with those cells treated with normal IgG plus HA. These findings suggest that HA-mediated cell invasion and cisplatin resistance in these CSC-like CD44v3 high ALDH1 high cells are CD44-dependent.
Previous studies indicated that miR-10b may function as an oncogene and play a role in promoting tumor cell invasion and chemoresistance, in part through up-regulation of cytoskeleton regulators (14, 15) . However, identification of miR-10b-specific downstream target(s) and oncogenic event(s) that contribute to HA/CD44-dependent CD44v3 high ALDH1 high cell invasion, survival, and chemoresistance has not been determined.
Cytoskeleton Regulators as the Possible Target(s) for DOT1L-H3K79 Methylation-associated miR-10b Signaling Pathway in Regulating CD44v3 high ALDH1 high Cell Invasion-Previous studies indicated that miR-10b plays a role in promoting tumor cell invasion, in part through up-regulation of RhoGTPases (13) (14) (15) . To determine how cellular changes regulated by miR-10b (via HA signaling) may affect CD44v3 high ALDH1 high cellspecific behaviors (e.g. tumor cell invasion), we analyzed the expression of the cytoskeleton regulator, RhoGTPase (RhoC). Immunoblot analyses using anti-RhoC antibody were employed to detect the production of the RhoGTPase, RhoC, in CD44v3 high ALDH1 high cells. Our data indicate that HA significantly stimulates RhoC expression (at least ϳ2.5-fold increase) followed by an enhanced level of tumor cell invasion (at least ϳ2.5-fold increase) in CD44v3 high ALDH1 high cells (incubated with an miRNA-negative control reagent or scrambled sequence siRNA) (Fig. 6, A and B (panel i) , lane 2, and Table 3 , B) as compared with the amount of RhoC expression and the extent of tumor invasion in those CD44v3 high ALDH1 high cells (treated with a miRNA-negative control reagent or scrambled sequence siRNA) in the absence of HA (Fig. 6, A and B (panel i) , FIGURE 5 . Detection of HA-induced miR-10b production in CD44v3 high ALDH1 high cells. Detection of miR-10b production in CD44v3 high ALDH high cells using Q-PCR analyses was described under "Experimental Procedures." A, detection of miR-10b expression in CD44v3 high ALDH1 high cells incubated with scrambled (SC) siRNA with no HA treatment or with 6 h of HA treatment or transfected with DOT1L siRNA with no HA treatment or with 6 h of HA treatment. B, detection of miR-10b expression in CD44v3 high ALDH1 high cells incubated with negative miRNA control with no HA treatment or with 6 h of HA treatment or pretreated with an anti-miR-10b inhibitor with no HA treatment or with 6 h of HA treatment. C, detection of miR-10b expression in CD44v3 high ALDH1 high cells incubated with anti-CD44 antibody with no HA treatment or with 6 h of HA treatment or treated with normal IgG with no HA treatment or with 6 h of HA treatment. (The optimal time point for the induction of miR-10 occurs at 6 h of HA incubation. Therefore, cells treated with HA for 6 h were used for the study. Values expressed in this figure represent an average of triplicate determinations of 3-5 experiments with a standard deviation less than Ϯ5%.) were placed in the upper chamber of the transwell unit in the presence of 50 g/ml HA. The growth medium containing high glucose DMEM supplemented by 10% fetal bovine serum were placed in the lower chamber of the transwell unit. After 18h incubation at 37°C in a humidified 95% air, 5% CO 2 atmosphere, cells on the upper side of the filter were removed by wiping with a cotton swab. Cell invasion processes were determined by measuring the cells that migrated and invaded to the lower side of the polycarbonate filters by standard cell number counting methods. The CD44-specific cell invasion was determined by subtracting non-specific cell invasion [i.e. cells that migrated (invaded) to the lower chamber in the presence of anti-CD44 antibody treatment]. The CD44-specific cell invasion in normal IgG/scrambled siRNA-treated cells without HA (A and B and D, control) or negative miRNA-treated cells without HA (C, control) is designated as 100%. The values expressed in this Table are presented as the means Ϯ S.D. All assays consisted of at least six replicates and were performed on at least five different experiments. a Data are statistically significant (P Ͻ 0.005; analysis of variance; n ϭ 5) as compared with control samples (normal IgG-treated cells without HA addition). b,d Data are statistically significant (P Ͻ 0.005; analysis of variance; n ϭ 5) as compared with control samples (scrambled siRNA-treated cells without HA addition). c Data are statistically significant (P Ͻ 0.005; analysis of variance; n ϭ 5) as compared with control samples (miRNA negative control-treated cells without HA addition). MAY 13, 2016 • VOLUME 291 • NUMBER 20 Measurement of cisplatin-induced CD44v3 high ALDH1 high cell growth inhibition * Tumor cell growth inhibition (IC 50 ) is designated as "the micromolar concentration of chemotherapeutic drug (e.g. cisplatin, 24h treatment) that causes 50% inhibition of tumor cell growth" using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based growth assay as described under "Experimental Procedures." IC 50 values are presented as the means Ϯ S.E. (with n ϭ 4). All assays consisted of at least six replicates and were performed on at least 4 different experiments. a Data are statistically significant (P Ͻ 0.001; analysis of variance; n ϭ 4) as compared with control samples (normal IgG-treated cells without HA addition). b,d Data are statistically significant (P Ͻ 0.001; analysis of variance; n ϭ 4) as compared with control samples (scrambled siRNA-treated cells without HA addition). c Data are statistically significant (P Ͻ 0.001; analysis of variance; n ϭ 4) as compared with control samples (miRNA negative control-treated cells without HA addition). lane 1, and Table 3 , B). These findings support the notion that the expression of RhoC and tumor cell invasion are HA-dependent. Most importantly, down-regulation of miR-10b or DOT1L by treating cells with an anti-miR-10b inhibitor (but not negative miRNA control-treated samples) or DOT1LsiRNA (but not scrambled siRNA-treated samples) significantly attenuates the HA-activated RhoC expression (at least ϳ30 -40% decrease in RhoC expression) (Fig. 6, A and B  (panel i), lanes 3 and 4 versus lanes 1 and 2) and tumor cell invasion (at least ϳ40 -70% reduction in tumor cell invasion) ( Table 3 , B and C). These findings further support the contention that HA-activated DOT1L signaling and miR-10b actively participate in the up-regulation of the cytoskeleton regulator, RhoGTPase (RhoC), and tumor cell invasion in CD44v3 high ALDH1 high cells.
DOT1L, Monomethyl-H3K79 and miRNA-10b in Head and Neck Cancer
Survival Protein Expression and Chemotherapy Resistance-Inhibitors of the apoptosis family of proteins (IAPs such as cIAP-2 and XIAP) are frequently up-regulated in CSCs following HA treatment (10) . Importantly, high levels of IAPs in CSCs increase cell survival due to the binding of IAPs to caspases and suppressing apoptosis (27) . Our data indicate that the expression of XIAP and cIAP-2 is significantly increased (at least ϳ2.5-fold increase) in CD44v3 high ALDH1 high cells treated with a miRNA-negative control reagent (or scrambled sequence siRNA) in the presence of HA (Fig. 6, A and B, panels ii and iii, lane 2 versus lane 1). In contrast, XIAP and cIAP-2 are detected in relatively low levels (at least ϳ40% reduction) in CD44v3 high ALDH1 high cells treated with an miRNA-negative control reagent (or scrambled sequence siRNA) with no HA (Fig. 6, A and  B, panels ii and iii, lane 1 versus lane 2) . Our data also indicate that CD44v3 high ALDH1 high cells treated with DOT1LsiRNA (but not a scrambled sequence siRNA in the presence of HA) display a decreased amount of IAP (cIAP-2 and XIAP) expression (at least ϳ40 -70% reduction) ( Fig. 6B, panels ii and iii,  lane 3 and lane 4 versus lane 1 and lane 2) . These observations confirm that HA-mediated DOT1L signaling is closely linked to the regulation of IAPs in CD44v3 high ALDH1 high cells. We also noted that down-regulation of miR-10b by treating CD44v3 high ALDH1 high cells with an anti-miR-10b inhibitor (but not a negative control miRNA) results in the down-regulation of IAPs (Fig. 6A, panels ii and iii, lane 3 and lane 4 versus  lane 1 and lane 2) (at least ϳ40 -70% reduction) in the presence of HA. Together, these results indicate that the signaling network consisting of DOT1L-regulated H3K79 methylation and miR-10b is functionally coupled to the stimulation of survival protein (e.g. cIAP-2 and XIAP) production in CSCs. These spe- MAY 13, 2016 • VOLUME 291 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 10581 cific effects may facilitate the CSC-mediated HNSCC progression following HA treatment.
Moreover, our data indicate that the addition of HA to scrambled siRNA-treated CD44v3 high ALDH1 high cells or negative miRNA-treated CD44v3 high ALDH1 high cells significantly decreases the ability of cisplatin to induce tumor cell death (at least ϳ2.5-fold increase in cisplatin resistance) ( Table 4 , B and C). These observations strongly suggest that HA causes both a decrease in tumor cell death and an increase in tumor cell survival leading to the enhancement of chemoresistance. Moreover, down-regulation of DOT1L or miR-10b expression (by treating CD44v3 high ALDH1 high HNSCC cells with DOT1LsiRNA or transfected CD44v3 high ALDH1 high cells with an anti-miR-10b inhibitor (but not scrambled sequence siRNA or with negative miRNA control)) effectively attenuates HA-mediated anti-apoptosis/survival in CD44v3 high ALDH1 high cells (Fig. 6,  A, panels ii and iii, lanes 1-4, and B, panels ii and iii, lanes 1-4) and enhances cisplatin sensitivity in CD44v3 high ALDH1 high cells (at least ϳ40 -90% reduction in cisplatin-resistance) ( Table 4 , B and C). These findings suggest that HA-mediated cisplatin resistance in CD44v3 high ALDH1 high cells is DOT1L and miR-10b-dependent.
Further analyses indicate that down-regulation of DOT1L or miR-10 targets such as RhoC or cIAP-2 or XIAP by treating CD44v3 high ALDH1 high cells with RhoC siRNA or cIAP-2siRNA or XIAP siRNA effectively (but not scrambled siRNA-treated cells) inhibits HA-mediated tumor cell invasion (at least ϳ40 -70% reduction in invasiveness) ( Table 3 , D) and increases cisplatin-induced chemosensitivity (at least ϳ40 -90% reduction in cisplatin resistance) ( Table 4 , D). These findings strongly support the contention that the HA-mediated DOT1L/H3K79 methylation signaling pathways and miR-10bregulated RhoC/cIAP-2/XIAP appear to significantly contribute to tumor cell invasion and chemosensitivity in head and neck cancer.
Discussion
Emerging evidence suggests that CSCs represent the most tumorigenic and chemoresistant cells within a heterogeneous HNSCC tumor mass (10) . All stem cells are thought to exist in specialized microenvironments known as niches (28, 29) . Components present in the niches can regulate stem cell behavior through direct binding to stem cell surface receptors or via indirect activation of paracrine signaling. ECM components, including HA, are known to be present in at least one of the stem cell niches (28, 29) . Because CD44 is a major HA receptor, it provides a physical linkage between matrix HA and various transcription factors that regulate tumor cell functions through distinct signaling pathways (30, 42) . In fact, both HA and CD44 have been shown to be involved in self-renewal and differentiation of human embryonic stem cells (31, 32) . In this study, we observed that HA treatment promotes sphere formation (cell-cell adhesion), self-renewal/growth, and differentiation (e.g. tumor cell invasion) in highly tumorigenic CD44v3 high ALDH1 high tumor cells ( Table 2 ). These observations support the contention that HA signaling is directly involved in the regulation of cancer stem cell properties in CD44v3 high ALDH1 high cells. A previous study showed that the expression of two CD44 isoforms (i.e. CD44s and CD44v6) is found in the majority of the cells in head and neck tissue and that this type of marker by itself was not able to distinguish normal from benign or malignant epithelial cells from the head and neck region (44) . Our results indicated that the expression of CD44s was not significantly different in metastatic lymph nodes and primary tumors. However, the expression of several CD44 variant isoforms was associated with advanced T stage (e.g. CD44v3), regional (CD44v3), and distant (CD44v10) metastasis, perineural invasion (CD44v6), and radiation failure (CD44v10) (6) . Both CD44v6 high ALDH1 high and CD44v10 high ALDH1 high subpopulations appear to be present as a very minor tumor cell population in HSC-3 cells based on FACTS sorting. Therefore, we are not able to examine the CSC properties of these subpopulations at this time.
Most histone H3 modifications occur on residues within the N-terminal tail. In contrast, H3K79 is located in a loop within the globular domain exposed on the nucleosome surface (19) . H3K79 methylation by DOT1L (the H3K79 methyltransferase) is frequently correlated with transcriptional activity (16, 19) and cancer progression (21, 22) . For example, DOT1L-regulated H3K79 methylation promotes leukemia formation induced by MLL-AF9 translocations (21) . Treatment of MLL-rearranged leukemia with EPZ00477 or EPZ-5676 (potent and selective aminonucleoside inhibitors of DOT1L histone methyltransferase activity) causes cell death in acute leukemia lines bearing MLL translocations (33, 34) . Down-regulation of H3K79 methyltransferase, DOT1L, using specific DOT1LsiRNA also reduced proliferation of lung cancer cells (22) . These findings indicate that H3K79 methyltransferase, DOT1L, plays an important role in promoting cancer formation.
The recent discovery of miRNAs in CSCs has broadened the area of gene regulation implicated in tumorigenesis and CSC modulation (35, 42, 43) . In this study, we observed that HA is capable of stimulating DOT1L and H3K79 methylation in CSCs. Up-regulation of DOT1L and monomethyl-H3K79 by HA may provide a unique binding surface along the chromatin fibers to stabilize the interaction between enhancers and their target promoters, thereby rendering a high level of gene transcription. Our ChIP results also indicate that monomethyl-H3K79 (and to a lesser extent trimethyl-H3K79, data not shown) is recruited to the promoter region of miR-10b ( Fig. 4 ) resulting in miR-10 production ( Fig. 5 ) in HA-treated CSCs. Down-regulation of DOT1L by DOT1L siRNA (but not scrambled siRNA) effectively blocks the monomethyl-H3K79-regulated miR-10b gene expression and production in these CSC-like cells (Fig. 4) . These findings strongly suggest that DOT1L-regulated monomethyl-H3K79 is required for HA-activated miR-10 production in CD44v3 high ALDH1 high (CSC) cells. These findings are consistent with previous observations indicating monomethyl-H3K79 is preferentially associated with active genes (36) .
Tumor invasion and metastasis are the primary causes of morbidity in patients diagnosed with solid tumors such as head and neck cancer (1) . It is now certain that cytoskeletal functions are directly involved in tumor cell invasion of surrounding tissue and metastasis (37) . A number of studies have aimed at identifying those molecules that are specifically expressed by cancer stem cells and correlate with metastatic behavior. The gene networks orchestrated by many oncogenic miRNAs in CSCs are still largely unknown, although some key targets have been identified as being involved in head and neck cancer progression (10) . Here, we observed that HA/CD44-activated miR-10 production plays an important role in up-regulating the cytoskeleton regulator, RhoC, in CSC-like cells. Most importantly, we observed that down-regulation of HA-activated DOT1L signaling (by DOT1L siRNA) and miR-10b production (by anti-miR-10b inhibitor) not only reduces RhoGTPase (RhoC) expression ( Fig. 5) but also impairs tumor cell migration/invasion (Table 3 ). These findings clearly establish a causal link between DOT1L/H3K79 methylation and miR-10b function, including cytoskeleton-regulated CSC invasion.
Cisplatin is one of the most common chemotherapies used to treat head and neck cancer today. The ability of this drug to induce tumor cell death is often counteracted by the presence of anti-apoptotic regulators leading to chemoresistance (38 -40) . Several lines of evidence point toward the IAP family (e.g. cIAP-2 and XIAP) playing a major role in oncogenesis via their effective suppression of apoptosis (27) . The mode of action of IAPs in suppressing apoptosis appears to be through direct inhibition of caspases and pro-caspases (primarily caspase 3 and 7) (27) . IAPs also support chemoresistance directly by preventing tumor cell death induced by anticancer agents (41) . Although certain anti-apoptotic proteins (e.g. Bcl-xL) have been shown to participate in anti-apoptosis and chemoresistance in HA/CD44-activated tumor cells, the involvement of IAPs in HA/CD44-mediated HNSCC cell survival and chemoresistance (10, 13, 42, 43) has only recently started to receive attention. In this study we demonstrated that downregulation of HA/CD44-activated DOT1L signaling (by DOT1L siRNA) and miR-10b production (by anti-miR-10b inhibitor) inhibits the expression of survival proteins (e.g. cIAP-2 and XIAP) ( Fig. 6 ). Subsequently, these signaling perturbation events contribute to apoptosis and chemosensitivity ( Table 4 ). Most importantly, inhibition of cIAP-2 or XIAP expression (by cIAP-2 siRNA or XIAP siRNA) also enhances cisplatin-induced chemosensitivity ( Table 4 ). These findings suggest that DOT1L-and miR-10-regulated signaling pathways and their downstream targets (e.g. RhoC, cIAP-2, and XIAP) may represent new targets for therapeutic agents to cause CSCs to become less invasive, undergo apoptosis/death, and not remain chemotherapy-resistant during head and neck cancer progression.
As summarized in Fig. 7 , we propose that HA binding (step 1) to CSCs promotes DOT1L/H3K79 methylation-mediated epigenetic changes (step 2), resulting in H3K79 methylation binding to the E-box region of the miR-10b promoter (step 3), miR-10b gene expression (step 4), and mature miR-10b production (step 5). The resultant miR-10b then promotes up-regulation of RhoC (cytoskeleton activator) ( Fig. 7, step 6) and CSC-mediated invasion. Moreover, miR-10b also induces survival protein, IAP (c-IAP-1, cIAP-2, and XIAP) expression ( Fig. 7, step  7) , HNSCC cell anti-apoptosis/survival, and chemoresistance. Taken together, these findings suggest that targeting the HA/CD44-mediated DOT1L/H3K79 methylation pathways and miR-10b function may provide new drug targets to induce cancer stem cell apoptosis/death and overcome cisplatin resistance in CSC-derived HNSCC cells. 
